Biodiesel has emerged as an environmentally friendly alternative to fossil fuels; however, the low price of glycerol feed-stocks generated from the biodiesel industry has become a burden to this industry. A feasible alternative is the microbial biotransformation of waste glycerol to hydrogen and ethanol. Escherichia coli, a microorganism commonly used for metabolic engineering, is able to biotransform glycerol into these products. Nevertheless, the wild type strain yields can be improved by rewiring the carbon flux to the desired products by genetic engineering. Due to the importance of the central carbon metabolism in hydrogen and ethanol synthesis, E. coli single null mutant strains for enzymes of the TCA cycle and other related reactions were studied in this work. These strains were grown anaerobically in a glycerol-based medium and the concentrations of ethanol, glycerol, succinate and hydrogen were analysed by HPLC and GC. It was found that the reductive branch is the more relevant pathway for the aim of this work, with malate playing a central role. It was also found that the putative C4-transporter dcuD mutant improved the target product yields. These results will contribute to reveal novel metabolic engineering strategies for improving hydrogen and ethanol production by E. coli.
Introduction
The development of biofuels, which include biodiesel, hydrogen and bioethanol, has become increasingly important due to the current problems associated with the availability and abundance of fossil fuels and environmental pollution [1] . The biodiesel industry has emerged in recent years but the rapid growth of this industry has created excess glycerol, which has resulted in a significant decrease (about 10-fold) in crude glycerol prices and has thus become a burden to the biodiesel industry [2, 3] . Consequently, glycerol has recently become a cheap source of carbon for biotransformation processes involving microorganisms to give other interesting valuable products, among them ethanol [4] [5] [6] [7] [8] and hydrogen [8] [9] [10] which are efficient and clean, energy sources [10, 11] . In
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A systematic analysis of TCA Escherichia coli mutants reveals suitable genetic backgrounds for enhanced hydrogen and ethanol production using glycerol as main carbon source Figure 1 . Diagram of TCA during anaerobiosis, which is split into two branches: an oxidative branch (A) and a reductive branch (B) and the associated reactions: anaplerotic reactions (C) and glyoxylate shunt (D). The genes repressed anaerobically are shown in grey and the non-repressed genes in black. The arrows show the reaction directions in accordance with the direction of enzyme catalysis that are theoretically possible in our experimental conditions and the reactions that are theoretically blocked in anaerobic conditions are shown in dash lines. In the oxidative branch (A) the enzymes involved are aconitases (AcnA, AcnB), isocitrate dehydrogenases (IcdA, or the putative IcdC) as well as the associated reactions carried out by 2-α-ketoglutarate (2-KG) decarboxylase (SucAB, LpD) and succinyl-CoA synthetase (SucCD) enzymes, which are supposedly inactive. In the reductive branch, the enzymes involved in succinate reduction are malate dehydrogenase (Mdh), fumarase isoenzymes (FumA, FumB, FumC) and fumarate reductase complex (FrdABCD), in which the opposite reaction is involved compared to succinate dehydrogenase (SdhABCD). Succinate can be effluxed by Dcu C4 transporters (DcuA, DcuB, DcuC or the putative DcuD). The anaplerotic reactions (C) involve the phosphoenol pyruvate (PEP) carboxylase (Ppc), which synthesizes oxaloacetate (OAA), and the gluconeogenesis reaction catalysed by PEP carboxykinase (Pck) as well as the malic enzymes (MaeA, MaeB), which synthesize pyruvate from malate. two NADH are re-oxidized to balance the NADH/NAD + ratio during the assimilation of glycerol [7] . Therefore, it is crucial to understand the source and use of pyruvate and acetyl-CoA in order to gain a better understanding of H 2 and ethanol synthesis in E. coli, which may subsequently lead to enhanced production of these two valuable biofuels. Both molecules are tightly connected to the TCA cycle, which under anaerobic fermentative conditions, operates in two oxidative and reductive branch nodes with succinate as the final product of the reductive branch. Succinate can therefore be considered to be a competitive co-product to H 2 and ethanol [6] (Fig. 1A and  1B) . The reductive branch is also connected to glycolysis by the anaplerotic and pyruvate kinase reactions (Fig. 1C ). In aerobiosis E. coli can use acetyl-CoA as a carbon source for biosynthesis by bypassing the two-decarboxylation steps of the TCA cycle through the two reactions of the glyoxylate shunt ( Fig. 1D) .
Although E. coli wild type strains are capable of producing both H 2 and ethanol, the yields for both products can be improved by metabolic engineering. For this purpose, several strategies have been developed in the last decade. For instance, it has been described that the blocking of one or several pathways involved in the synthesis of competitive products such as 1,2-propanediol and acetate [1, 13, [17] [18] [19] [20] [21] [22] or the deletion of transporters of precursors, such as the formic transporter FocA and FocB, can improve the production of ethanol and/or H 2 [13, 19] . In this sense, Trchounian and Trchounian have recently described the important role of these formate channels, and how they operate in a pH-dependent manner [23] . Other strategies consisting of the overexpression of enzymes or transcription factors has also been tested. For instance, the overexpression of genes involved in the uptake and conversion of glycerol (GldA) and/or expression of hydrogenase transcriptional factors (FhlA) can help to redirect the carbon flux towards the production of these target products [17] [18] [19] [20] [21] . The expression of a desired protein has also been achieved by the elimination of repressor proteins, (i.e. HycA, a repressor of hydrogenase operon) [1, 13, 19] . Another important factor to take into account in the optimization of hydrogen production in E. coli is the influence of pH on the expression and/or the activity of hydrogenase (Hyd-1, 2, 3 and 4) enzymes that are directly involved in the synthesis of H 2 , as the hydrogenase 3 activity or expression is altered by pH [24] [25] [26] . These strategies have been used to increase the yields of the wild type strain, for instance Tran et al. [13] have described recently how a multiple mutation of seven genes in E. coli increases the molar yield for hydrogen production up to 1.15 mmol H 2 /mmol glycerol consumed and for ethanol production to 0.92 mmol ethanol/mmol glycerol consumed [13] .
In the work described here we studied the role of different enzymes involved in TCA cycle and other related reactions in order to improve our understanding of how the C-flux affects the synthesis of H 2 and ethanol when E. coli grows in a glycerol-based medium. With this aim in mind, the production of H 2 , ethanol and succinate, as well as glycerol consumption, were systematically analysed in single mutant strains obtained from the Keio and Yale collections in which a gene, codifying for one of the aforementioned enzymes, was knocked out. C4 dicarboxylate transporters were also analysed ( Fig. 1B ) due to they are involved in the uptake and export of C4 TCA cycle metabolites. Several mutants were found with novel phenotypes related to glycerol consumption and hydrogen and ethanol production.
Materials and methods

Bacterial strains and chemicals
The strain BW25113, a derivative of the F -, l -, E. coli K-12 strain BD792, was used as the wild type strain (wt) in this work. Isogenic single-gene knock out derivatives [27] were obtained from the National Bioresource Project, Keio Collection (NIG, Japan) and from the Yale University CGSC Stock Center [28] , except the double mutant hyaBhybC::kan which was a gift from T. K. Wood [29] . All of these strains are listed in Supporting information, Table S1 . Kanamycin (Kan) was purchased from Gibco TM (Invitrogen, UK) and was used for pre-culturing the isogenic knockouts with chromosomal kan resistance markers (Kan R ) at a concentration of 50 μg mL -1 . The chemicals used for the culture media were as follows: peptone, yeast extracts, agar-agar were obtained from Panreac (PANREAC QUIMICA S.A., Spain) and KH 2 PO 4 , Na 2 HPO 4 (extra pure), Na 2 SO 4 , NaCl, MgSO 4 · 7H 2 O and glycerol (food grade 99% extra pure) were obtained from Scharlau (Scharlab S.L., Spain).
Culture conditions
E. coli strains listed in Supporting information, Table S1 were initially streaked from glycerol stocks at -80ºC on to LB agar plates containing Kan, and incubated at 37ºC. In this work the mutant strains are also refereed by using Δgene. Knock out mutations were confirmed by PCR in each of the mutant strains using external primers (data not shown). In all experiments a single colony was inoculated in 2 mL of Luria-Bertani (LB) medium and supplemented with Kan, and bacteria were cultured overnight in an orbital incubator shaker at 200 rpm and 37 ºC. These cells were used to inoculate (1% inoculum) 50 mL of LB-Glycerol (LB medium supplemented with glycerol 10 g L -1 [109 mM]; KH 2 PO 4 , 7.19 g L -1 ; Na 2 HPO 4 , 1.98 g L -1 ; Na 2 SO 4 ,0.0806 g L -1 , and MgSO 4 · 7H 2 O 0.031 g L -1 , pH 6.25) previously sparged with argon gas (99.9%) for 5 min to ensure that it was completely deprived of O 2 . Bacteria were grown in 50 mL Falcon tubes (VWR International Eurolab S.L., Spain) and incubated anaerobically for ~4 h until an OD 600nm of ∼0.6 was reached. Cultures were centrifuged at 4900 × g for 15 min at 4ºC (Sigma 2K15, Laborzentrifugen GmbH, Germany). Inside an anaerobic glove box, previously purged with Ar to diminish the oxygen level to below 1%, the pellet obtained was suspended in approximately 40 mL of glycerol-based medium [16] (KH 2 PO 4 , 7.19 g L -1 ; Na 2 HPO 4 , 1.98 g L -1 ; Na 2 SO 4 , 0.0806 g L -1 ; NaCl, 0.0152 g L -1 ; MgSO 4 · 7H 2 O, 0.031 g L -1 ; glycerol 10 g L -1 [109 mM] and peptone 4.25 g L -1 , pH 6.25) previously sparged with Ar for 5 min, in order to obtain an OD 600nm of 0.83 ± 0.025. The cell suspensions (4.8 mL) were poured into 12 mL crimp-top vials and sealed with a butyl rubber septum and aluminium caps. Triplicates of each E. coli strain were incubated for 22 and 46 h. The wild type strain was also assayed in the experimental conditions described previously except for the glycerol-based medium pH, which was adjusted at pH 7.5 by using the following salt buffer concentrations: KH 2 PO 4 , 1.78 g L -1 and Na 2 HPO 4 , 7.65 g L -1 .
Metabolomic profiling via gas chromatographymass spectrometry (GC-MS) analysis
Quenching and extraction
Aliquots of 4.8 mL of all cell cultures (wt and mutants) taken at 22 and 46 h time points were immediately quenched in 10 mL of 60% aqueous methanol (-48°C), followed by a centrifugation step at -9°C for 10 min at 5000 × g using a Sigma 6K15 centrifuge (Sigma Aldrich, Dorset, UK). The supernatant was removed and samples were snap frozen in liquid nitrogen and stored at -80°C. 80% methanol extraction procedure was employed for metabolite extraction [30] . All extracts were normalized to biomass (3-5 mg) accordingly, followed by combining 100 μL aliquots from each of the samples to be used as quality control (QC) samples. Internal standard solution (100 μL of 0.2 mg mL -1 succinic-d 4 acid, 0.2 mg mL -1 glycine-d 5 , 0.2 mg mL -1 benzoic-d 5 acid, and 0.2 mg mL -1 lysine-d 4 ) was added to each of the samples followed by a drying step at 30°C for 12 h using an Eppendorf speed vacuum concentrator (concentrator 5301, Eppendorf, Cambridge, UK). Dried samples were stored at -80°C until further analysis.
Derivatization and subsequent GC-MS analysis
Chemical derivatization was carried out by a methoxyamination step followed by trimethylsilylation as described [31, 32] in order to give metabolites thermal stability and suitable volatility to enable detection in the gas phase. GC-MS analysis was carried out on a LECO Pegasus III TOF/MS using ChromaTOF v3.0 software following our established protocols and settings as described [33] . This work has been carried out in accordance to the Metabolomics Standards Initiative (MSI) guidelines [34] and has employed a pooled QC procedure, as described in [31] , which after deconvolution as described in [32] , assisted in statistical evaluation of chromatographic and mass spectral features and the robustness of the data set. All identifications were made from either our own internal mass spectral library, giving an MSI score of 1 and therefore high confidence, or are putative hits from the NIST 8.0 database with an MSI score of 2.
Other biochemical measurements
The volume of gas generated in the headspace was measured by inserting a needle, which was connected to a water column manometer, into the rubber septum. Hydrogen quantification was measured by injecting 100 μL aliquots into a Bruker 450-Gas Chromatograph (GC) equipped with a Poraplot Q Plot FS 25X 53 column and a thermal conductivity detector (TCD) (Bruker Daltonik GmbH, Bremen, Germany). The injector and detector were maintained at 250 and 150 ºC, respectively and the Ar carrier gas flow rate was maintained at 10 mL min -1 . Cell growth was estimated by measuring OD 600 nm (1 OD = 0.31 g of cell dry weight (CDW)/L) according to standard procedures [35] on a Spectroquant ® Pharo 100 spectrophotometer ( © Merck KGaA, Darmstadt, Germany).
Glycerol, ethanol and succinate efflux were obtained from the supernatant of the samples, filtered through 0.22 μm nylon filters, and quantified by HPLC as previously described [16] .
Calculation of parameters and statistical analysis
Specific hydrogen and ethanol productions -Y H2/X and Y E/X respectively -were calculated with the production values referred to the biomass (g of CDW) and the specific glycerol consumption (Y G/X ) and the succinate efflux (Y Suc/X ) were also referred to the biomass.
For each parameter the average (m), standard deviation (S.D.) and the coefficient of variation (CV) were calculated using at least three biological replicates for the mutant strains and at least 75 replicates for the wild type strain. IBM ® SPSS ® Statistics 20 software was used for statistical analysis and the results for different parameters were considered to be significantly different based on the results of the Non-Parametric Contrast of the Mann-Whitney U Test. The p-values used in this Test were 0.01 for Y E/X and 0.05 for Y H2/X, CDW, Y Suc/X and Y G/X parameters. The statistical analysis for the lactic and malic acid normalized areas, was performed by the distribution of continuous variables evaluation with the Shapiro-Wilk's normality test, and the Levene's test for homogeneity of variances was employed to inform the choice of the appropriate statistical test. As the conditions for the application of parametric tests were fulfilled, Student's t test was used for statistically significance of differences of malic and lactic acids peaks between the groups. Molecular and
Results
In order to set up a reference for H 2 and ethanol production, the culture conditions were firstly established for the BW25113 strain in order to have a reliable reference to compare several parameters in all the TCA cycle related mutants with those of the wild type strain. The culture medium selected was based on a previous work carried out, in our group by Cofré et al. [7] in which several variables were optimized to obtain an optimal growth. In the present work the specific glycerol consumption (Y G/X ) and hydrogen molar yields were studied in the parental strain at five time points, up to 94 h grown at pH 6.25 and pH 7.5 values. In our experimental condition the glycerol uptake is slightly lower at pH 6.25 than that obtained at pH 7.5 (Supporting information, Fig. S1A ), but the hydrogen molar yield was higher at the most acidic pH (Supporting information, Fig. S1B ). As one of the main goals of this study was to study H 2 production, the pH 6.25 was chosen. In order to simplify the analysis, 22 and 46 h post inoculum time points were selected as representative for log and lag phases based on the growth profiles of the wild type strain up to 94 h (Supporting information, Fig. S1C ).
E. coli BW25113 hydrogen and ethanol specific productions (Y H2/X and Y E/X ) and specific glycerol consumption (Y G/X ) at these time points were compared with those obtained for all the single mutant strains, available in the KEIO or Yale collections for the genes involved in TCA cycle, as well as for related enzymes that catalyse the anaplerotic and the glyoxylate shunt reactions (Figs. 2, 3 and 4). Succinate efflux was also measured to monitor the carbon efflux and referred to the biomass (Y Suc/X ). The molar yields for H 2 , ethanol and succinate efflux (mmol product/mmol glycerol) were also calculated in those strains whose specific production (mmol product/g CDW) for any of these products were significantly higher than the wild type strain. As controls in our experimental sys-tem, the hydrogen production (Y H2/X ) in Hydrogenases Hyd-1, 2 and 3 mutants was also analysed (Supporting information, Table S2 ). In order to facilitate the discussion, these results are arranged according to the pathways described in Fig. 1 . Asterisks denote the mutants that are higher, with a statistical significance, than wild-type and < symbols represent the strain values that are lower, with a statistical significance, than wild-type using p-value of 0.05 used in the cases of Y H2/X (A), Y G/X (C) and CDW (D) and Y Suc/X (E) and 0.01 for (Y E/X ) (B). Higher asterisks (*) and < symbols denote the significant values at both times. Dashed lines signify the averages of wild-type values at 22 h (lower line) and 46 h (upper line) with n > 72 replicates. For sucA, sucB, sucD and acnB mutants the values were calculated with n = 6 replicates and sucC mutants with n ≥ 9 replicates.]
Hydrogen and ethanol production, succinate efflux and glycerol consumption in theTCA oxidative branch mutants
When E. coli grows anaerobically, the condensation of acetyl-CoA and oxaloacetate (OAA) to synthesize citrate is the first reaction in a linear pathway that ends in 2-α-ketoglutarate (2-KG) because some of the TCA genes (acnA gene and sucABCD operon) are repressed in this environment (Fig. 1A) . For most of the oxidative pathway mutants studied in this work (gltA; acnA, B; icdA, C), the specific hydrogen production (Y H2/X ) was significantly lower than for the wild type strain at 22 h or 46 h including the putative isocitrate dehydrogenase mutant ΔicdC, and only for ΔacnB this parameter was similar to that of the wild type at both time points ( Fig. 2A) . Regarding the specific ethanol production (Y E/X ), most of the mutants showed very similar values to the reference wild type, although ΔgltA displayed a significantly lower yield at both time points (Fig. 2B) . Differences in the specific glycerol consumption (Y G/X ) were not observed at both times except for ΔgltA and ΔicdA, for which this parameter was lower than that of the wild type reference (Fig. 2C) . In relation to the succinate efflux, all mutants studied in this pathway showed a lower value in comparison to the wild type except for ΔgltA and ΔacnB (Fig. 2E ). When any of these enzyme genes are mutated, the redirection of C4 provokes a decrease of succinic efflux, although this carbon redirection is not favored towards the synthesis of hydrogen and ethanol. The synthesis of succinyl-CoA from 2-α-ketoglutarate by the 2-oxo acid decarboxylase multienzyme complex (ODH) and the subsequent synthesis of succinate by the succinyl-CoA-synthetase (SCS) are theoretically blocked in anaerobiosis [37] ; however, the single knock out of the three subunits of the ODH enzyme (ΔsucA, ΔsucB and ΔlpD) and the two subunits of the SCS enzyme (ΔsucC and ΔsucD) showed different phenotypes when compared to the wild type strain. In this respect, Y H2/X at 22 h and Y E/X and Y G/X at both times were significantly higher in ΔsucC. By contrast, for the rest of the mutants of both complexes the specific productions were either similar or significantly lower than that of the wild type ( Fig. 2A-C) . As for the majority of the oxidative branch mutants, Y Suc/X was significantly lower in these supposedly repressed genes, except in the case of ΔsucC, which showed no statistically significant differences respect to that of the wild type strain ( Fig. 2E ).
Hydrogen and ethanol production, succinate efflux and glycerol consumption in the TCA reductive branch mutants
OAA is the starting metabolite of the reductive branch, which after three reductive reactions produces succinate as the final product. Succinate can be exported out of the cells by the C4-dicarboxylate transporters (Fig. 1B) , presumably to maintain redox cofactor balances [38] .
In the analysis of all mutants involved in this pathway, the malate dehydrogenase mutant (Δmdh) was the most markedly affected in terms of all parameters measured at both times under the examined conditions: Y H2/X , Y G/X, Y Suc/X were around 0 (Figs. 3A, 3C and 3E) and Y E/X was only 0.2 times that of the wild type (Fig. 3B ), whilst the cell biomass (CDW) was half the value of the wild type strain (Fig. 3D ). There are three fumarase isoenzymes (FumA, FumB and FumC) for the inter-conversion of malate and fumarate in E. coli [39] . These enzymes seem to be redundant under the experimental conditions used in this study, although some differences were found between them. In this sense, the H 2 specific production was significantly lower to that obtained with the wild type in the case of ΔfumC at both times while in ΔfumA was higher at 22 h but lower at 46 h (Fig. 3A) . ΔfumA also showed higher H 2 molar yield values only at 22 h (Supporting information, Table S2 ). However the three fum mutants did not show differences in Y E/X although glycerol consumption was significantly lower for the ΔfumB and ΔfumC strains ( Fig. 3B and 3C ). Succinate efflux was affected significantly for these three mutants at both times (Fig. 3E) .
The last reaction of this pathway is catalysed by FRQ, an enzyme composed of four subunits (FrdA, FrdB, FrdC and FrdD). In our analysis, the mutants of the four subunits of FRQ showed a tendency towards higher Y H2/X and Y E/X than the wild type strain (Fig. 3A and 3B ). In this sense, the most significant increase in Y H2/X , Y E/X and Y G/X was detected in the ΔfrdC strain (Figs. 3A-C). On the other hand, succinate dehydrogenase encoded by sdhABCD [40] catalyses the opposite reaction to FRQ and despite the fact that ΔsdhA, ΔsdhB, ΔsdhC and ΔsdhD are expected to be repressed in anaerobic growth, we found differences between these mutants and the wild type reference except to ΔsdhC for hydrogen and ethanol production. ΔsdhA, ΔsdhB and ΔsdhD showed a slight but statistically significant lower Y H2/X at either 22 or 46 h (Fig. 3A ) but significant differences in Y E/X were not found except for the ΔsdhA (Fig. 3B ). Y Suc/X was very similar in all of these mutants to that of the wild type at both times (Fig. 3E) .
We also analysed the C4 membrane transporters in the ΔdcuA, ΔdcuB, ΔdcuC mutants and the putative related but uncharacterized ΔdcuD ( Fig. 3 and 1B) . Our results demonstrated, that the levels of the examined metabolites detected in these mutants were similar (ducB) or lower (dcuA and dcuC) than the wild type. However in the case of the previously uncharacterized ΔdcuD mutant a significant increase in hydrogen (∼20%) and ethanol production (∼50%) and glycerol consumption (∼18%) were detected (Fig. 3 ).
Hydrogen and ethanol production, succinate efflux and glycerol consumption in the anaplerotic reactions and glyoxylate shunt mutants
Both active and supposedly anaerobically repressed anaplerotic genes were studied in this work (Fig. 1C and  1D ). As one would expect, the phenotype in the glyoxylate shunt mutants (ΔaceA and ΔaceB) is very similar to the wild type strain (Fig. 4A ). However, a significant reduction in hydrogen and ethanol production was found for both malic enzyme mutant strains (ΔmaeA and ΔmaeB). For example, ΔmaeA showed a major reduction in Y H2/X (0.1-fold) and Y E/X (0.2-fold) yields at both times and in glycerol consumption (Fig. 4A-C) . In the case of the ΔmaeB a reduction by a factor of 0.3 in Y H2/X and 0.45 in Y E/X were measured at 46 h. In the case of the PEP carboxylase (Δpck) and PEP carboxykinase (Δppc) mutants, hydrogen production was negatively affected (Fig. 4A ) but not so drastically as indicated in ΔmaeA and Δmdh. The ethanol yield was significantly lower only in Δpck and glycerol consumption significantly decreased in Δppc. All of above mutants showed a significantly lower succinate efflux although the most remarkable diminution was measured in Δpck and ΔmaeA at both times ( Fig. 4A and  4B ).
Comparative analysis of intracellular malic and lactic acids in the fumA, frdA, frdB, frdC and dcuD mutants
The intracellular metabolites of the BW25113 wild type and ΔfumA, ΔfrdA, ΔfrdB, ΔfrdC and ΔdcuD were analysed by gas chromatography time of flight mass spectrometry (GC/TOF-MS) as described in Material and methods. The chromatographic peak areas were normalized to the glycine-d 5 internal standard (IS). In this analysis 23 metabolites were identified as level 1 of MSI [34] among them malate and lactate, both related to the pathways studied in this work. The peak areas for both metabolites at 22 h and 46 h are displayed as box-whisker plots in Fig. 5 . The data obtained for malate and lactate were consistent as the QCs, obtained from 42 analytical tests, showed excellent reproducibility and offered high homogeneous data (Fig. 5 ). Regarding malate, the integrated peak area was significantly higher in ΔfrdA at 46 h and in ΔdcuD at both times in comparison to the wild type strain. Although ΔfrdB also showed the same tendency to a higher malate intracellular concentration at both times, in this case the differences were not statistically significant. It is remarkable that ΔdcuD and ΔfrdA displayed malate accumulation during different phases of growth (Fig. 5A ). On the other hand, the analysis of intracellular lactate showed that only in the case of the fumA mutant this metabolite was significantly higher than that of the wild type at 46 h. By contrast, the frdB mutant showed lower lactate level at 22 h compared to the wild type strain and other examined mutants in this study (Fig. 5B ).
Discussion
In this study we aimed to gain an overview of the role of TCA cycle related genes in the production of H 2 and ethanol and in the consumption of glycerol in E. coli during growth on a glycerol-based medium. With this purpose, the culture conditions were firstly established for the BW25113 strain. In this study the pH 6.25 was select- Asterisks denote the mutants that are higher, with a statistical significance, than wild-type and < symbols represent the strain values that are lower, with a statistical significance, than wild-type using p-value of 0.05 used in the cases of Y H2/X (A), Y G/X (C) and CDW (D) and Y Suc/X (E) and 0.01 for (Y E/X ) (B). Higher asterisks (*) and < symbols denote the significant values at both times. Dashed lines signify the averages of wild-type values at 22 h (lower line) and 46 h (upper line) with n > 72 replicates. ed for the culture medium because acidic pH had been previously reported as being optimal for Hyd-3 activity [15, 41] . Although the main goal of the present work was not to deeply describe hydrogen production, several mutants for the hydrogenases 1, 2 and 3 were analysed in order to better understand hydrogen production in this experimental system (Supporting information, Fig. S2 ). Our results suggests that Hyd-3 is the main gene responsible for hydrogen synthesis in our experimental conditions, since Y H2/X in fdhF and fhl mutants were very low as have been reported in previous studies [3] [4] [5] [6] . By contrast Y H2/X for the Hyd-1 mutant (ΔhyaB) does not seem to play any role in H 2 synthesis since Y H2/X for this mutant was not significantly different with respect to that of the wild type. In the case of Hyd-2 (ΔhybC), the data presented in this work indicate that Hyd-2 is partially involved in the synthesis of hydrogen. The analysis of the double mutant for Hyd-1 and Hyd-2 (Supporting information, Fig. S2 ) confirmed the null role of Hyd-1 in hydrogen synthesis in our experimental condition. On the other hand, it has also been described that glycerol consumption by E. coli is improved at neutral to slightly alkaline pH [4, 8, 9] . The data obtained in this work corroborated the different behavior of the wild type strain depending on pH of the culture medium, which showed a higher H 2 molar yield but slightly lower glycerol consumption (Supporting information, Fig. S1A and S1B). During the fermentation process various organic acids are produced that may lower intracellular pH [13] . As the present work is a comparative analysis, a stable pH during the experiment was considered a key element in the experimental design.
Most of the TCA oxidative branch mutants show a lower hydrogen production
Some of the genes analysed in this work are supposedly repressed under anaerobic conditions. However, we decided to select blindly all of the available mutants in the Keio or Yale collections for these pathways. It was found that most of the putative repressed mutant strains did not show a significantly different ethanol production when compared to the wild type reference strain. Nevertheless the hydrogen production was significantly lower for most of the oxidative branch mutants. The changes in hydrogen and ethanol production are normally balanced, as for instance, in the case of frd mutants with respect to the 
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wild type strain values. This is due to the fact that the precursors of ethanol (acetyl-CoA) and hydrogen (formate) are produced in the same reaction by the pyruvate formatelyase enzyme (PFL) in a 1:1 molar relation. However this is not the result observed in some of the oxidative branch mutants (ΔacnA, B, ΔicdA, C; Fig. 2) . A possible explanation for this divergence could be a partial activation of the pyruvate dehydrogenase complex (PDH) which catalyses the conversion of pyruvate into acetyl-CoA + CO 2 , but no formate is produced. This activation would lead therefore to an unbalanced acetyl-CoA/formate production. It has been previously described that pyruvate can activate this enzyme by binding to PDH repressor, pyruvate dehydrogenase complex regulator (PdhR). In the acnA, B, icdA, C mutants the NADPH production would be impaired due to the inability of isocitrate dehydrogenase (Icd) to catalyse the NADP-dependent oxidative decarboxylation of isocitrate. This situation could be compensated by the NADP-dependent malic enzyme (MaeB) that catalyses the conversion of malate to pyruvate, which could lead to a PDH activation [42, 43] .
The sucC mutant shows a relevant ethanol production
Surprisingly, ΔsucA, ΔsucB, ΔsucC and ΔsucD showed differences with respect to the reference strain. Although ODH and SCS are repressed under anaerobic conditions, a small anaerobic activation of sucA promoter (P suc ) has been reported previously [44] . Our data suggest that this could also be the case in our experimental conditions. sucCD and sucAB are mutually essential and low expression of both genes is reported since both sets of genes encode an enzyme that can produce succinyl-CoA, an essential precursor for peptidoglycan biosynthesis [10] . A possible explanation of the higher ethanol production observed in the sucC mutant could be an accumulation of acetyl-CoA and, maybe to a lesser extent, of pyruvate, although this C rewiring is not related to the reductive branch since succinate efflux is not altered in this mutant. It has been described that sucCD mutant accumulates acetate in aerobic condition [11] and maybe in anaerobic condition this could lead to a higher concentration of acetyl-CoA. In order to elucidate this phenotype, further analysis of intracellular metabolites such as acetate, acetyl-CoA, succinyl-CoA and pyruvate should be needed.
Malate plays a central role in the maintaining of C flux and redox balance
The most notable differences were found in the mutants related to the reductive branch and anaplerotic reactions. The most notable diminution in all the parameters studied in this work was found in ΔmaeA and Δmdh, two mutants involved in malate reactions. However the other malic enzyme (MaeB) did not show the same drastic effect as ΔmaeA. This behavior could be due to the different cofactor requirement of the two malic enzymes (NAD + for MaeA and NADP + for MaeB) [45] . This could indicate that the NAD + /NADH balance, between the Mdh and MaeA, is essential for the general redox balance of the cell and, in particular, for H 2 and ethanol synthesis. Thus, the rewiring of C4 metabolism to malate could enhance these target product yields.
The dcuD mutant is a suitable genetic background to redirect C flux towards hydrogen and ethanol
In contrast of these phenotypes we found that the H 2 and ethanol specific productions ( Fig. 3A and 3B ) as well as hydrogen and ethanol molar yields (Supporting information, Table S2 ) were enhanced when the function of the fumarate reductase (FRQ) is blocked. Similar yields, have been previously described by different authors in ΔfrdA [7] , ΔfrdB [46] and ΔfrdC [4, 6, 13] ; the ΔfrdAB [47] and the ΔfrdBC [48] . The particularly high values for Y H2/X in the ΔfrdC could be explained by the attenuation of the negative effect that H 2 has on glycerol fermentation in closed vessels previously reported in this mutant by Hu and Wood [4] . It is noteworthy that the intracellular concentration of malate in ΔfrdA and ΔfrdB is higher than the wild type, which supports the idea of the central role of this metabolite in the fermentative process ( Fig. 5A) . A similar strategy for C4 rewiring could consist of blocking the malate to fumarate conversion, which therefore cannot be transformed to succinate (fum mutants). Whilst variations in the H 2 and ethanol yields correlate for most of the mutants, including ΔfumB and ΔfumC, studied in this work, in the case of FumA a small discrepancy was found between ethanol and H 2 yields at this time.The ΔfumA also showed higher H 2 molar yield values only at 22 h (Supporting information, Table S2 ). On the other hand, analysis of the intracellular lactate showed that only in this mutant, this metabolite was significantly higher than that of the wild type. The increase of H 2 production at 22 h detected in this mutant could be explained by the changes in the menaquinone-menaquinol oxidoreductase system that could likely occur and may affect to the NAD + /NADH balance caused by the increment of synthesize of lactate ( Fig. 5B) [49] .
We also analysed the C4 membrane transporters dcu family [50] including the putative DcuD [50] . Only the ΔdcuD showed an increase in hydrogen, and ethanol specific productions and glycerol consumption, which were similar to those of the frd mutants. Remarkably the ethanol molar yield is the highest detected in this work at both times (Supporting information, Table S2 ). However, these increments do not seem to be due to a redirection of succinate towards the production of the targets products, as the succinate efflux was similar to that of the wild type strain (Fig. 3E ). This could indicate that this trans-porter normally effluxes an uncharacterized C4 metabolite, possibly malate or a malate precursor, susceptible to be used in pathways related to hydrogen and ethanol synthesis. This hypothesis was corroborated by the GC/TOF-MS analysis of the intracellular metabolites since the dcuD mutant accumulates malate at both 22 and 46 h. (Fig. 5A) .
From our results we concluded that, out of the two branches in which the TCA cycle is split in anaerobiosis, the reductive branch is the most susceptible to manipulation by genetic modification in order to obtain higher ethanol and H 2 yields. ΔdcuD was identified as suitable genetic background to improve the target products studied in this work. It was also concluded that malate plays an important role in the use of the C sources in hydrogen and ethanol production as well as in the NAD + /NADH balance. The authors declare no financial or commercial conflict of interest.
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